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Introduction
Sensors based on carbon nanotube (CNT) materials have been an area of interest since the material's discovery by Iijima in 1991 (1) , and an active area of research once CNT availability began to increase via the innovations of Smalley and others (2, 3) . Their long aspect ratios of over 1000-to-1, and varied electrical and thermal properties-along with a decade of research in manipulating nanotubes through functionalization chemistry-make them an ideal target material for sensor research. The scientific community has responded to this opportunity with a wealth of experiments using CNT to sense a wide range of analytes. Some of this work has yielded impressive results in a laboratory setting, such as parts per billion (ppb) sensitivity to chlorine (4), ammonia (5), and nitrogen dioxide (6) .
A large body of work in the literature concentrates on hydrogen detection and the detection of water vapor. For relevance to applications of chemical detection, inclusion of these references has been kept to the minimum. Also of note is the large number of research studies that have been conducted in sensing ammonia (NH3) and nitrous oxides (NOx). A summary of some of the most promising research in this field is provided in appendix A.
Existing Reviews
As with all areas of active research, there are a number of pre-existing review articles of relevance to this study. Moore et al. have provided a good review of instrumentation for trace detection of explosives (7) . While this does not have direct relevance to nanotechnology, it benefits any research in the sensor area by providing information such as the vapor pressures of various common analytes of interest. Moore makes the useful distinction of breaking down electrochemical sensors in this field into two types, galvanic and electrolytic-a note often ignored by reviews of CNT sensors. A short review by Seto et al. gives a summary of the current sensing technology for nerve and chemical agents (8) . This work also includes testing of actual battlefield substances such as sarin, but also sensing of dimethyl methylphosphonate (DMMP) and other common chemicals that closely resemble such agents.
As our research will use composites of CNT and polymers, a useful reference is the Lange et al. review on conductive polymer sensors (9) . This work includes a table of electrochemical and electrical results with analyte and polymer. Although of more relevance to biological sensing applications, Rajesh et al. have reviewed conductive polymers, in particular composite applications (10) . Included is a summary that highlights analyte, diameter/size, detection limit and voltage among other important data.
With regards to sensor reviews focusing on CNT-based technologies, there are a number of papers of note. Mahar et al. wrote a broad review of CNT sensors, summarizing many of the unique attributes of CNT materials and touching upon sensor applications ranging from temperature to strain (11) . They also highlight research that showed changes in Raman spectroscopy data when single wall carbon nanotubes (SWNT) are immersed in various liquids, including common organics (12) . In their review, Wang et al. provide a useful summary of specific data for interactions between SWNT and gases (13) . These included adsorption energy, charge transfer, and tube-molecule distance.
Bondavalli et al. concentrates on CNT field effect transistors (FET) in their review, a common technical approach taken in CNT sensors (14) . They present an informative table on source/drain current change after exposing two types of CNTFET functionalized with DNA sequences to various vapors, including DMMP. Also focused on FET devices is a review by Yáñez-Sedeño (15) . This work investigates CNT-metallic nanoparticle electrodes. Rounding out these reviews is one by Jacobs et al. (16), which concentrates on CNT sensors for biomolecules, a broad review by Varghese et al., which includes a useful explanation of sensor nomenclature and basics (17), and Sinha et al., which has some summary of gas sensors (18) .
The most useful review work as reference for our research is by Kauffman et al. (19) . It comes closest to summarizing the data of interest to our application, including tables that note analyte, method, detection limit, CNT material, and references.
Appendix A summarizes the data from the literature most useful to our research, while reflecting the most useful aspects of the aforementioned CNT sensor reviews.
Research by Boul et al. has previously developed CNT-based sensors for radiation sensing applications for NASA (20) . These consisted of networks of SWNT deposited on 32-channel/sensor pads (figures 1 and 2). The SWNT were optimized via functionalization and were designed to register a change in resistivity upon impact from radiation. A change in resistivity will be the primary signal change for our current study. 
Army Applicability -Dimethyl methylphosphonate (DMMP)
DMMP is of particular interest to our study due to its suitability as a nerve agent stimulant (8, 21) . Use of color-changing paper is a commonly used method to test for nerve agents such as sarin (8, 22) . The weaknesses of this method are that the agent must be applied directly to the paper in a liquid form, and that the material cannot distinguish between organic solvents, such as DMMP, and actual nerve agents. Instruments such as gas chromatograph-mass spectrometers, surface acoustic wavelength detectors, and ion mobility spectrometers have been produced with a level of portability suitable for limited handheld application (8, 23) , but not miniaturized nor automated enough to warrant suitability to low power vehicle applications.
With regards to our initial experiments, a two-fold approach is proposed. Recently produced highly-conductive double wall carbon nanotube (DWNT) fibers will be tested as chemiresistors for DMMP. A follow-on experiment will attempt to modify these fibers with a polymer layer or functionalization to improve selectivity and sensitivity. Secondly, conductive composites of polymer and SWNT will also be tested as chemiresistors of DMMP. An attempt has already been made to modify the porosity and available surface area of these composites to improve their suitability as a gas absorber. DMMP has been obtained from An optimized nanotube sensor could offer a solution for sensing a nerve agent simulant such as DMMP. Picking some of the most relevant research from the literature and focusing on the chemiresistive sensor approach, figure 4 illustrates chemical sensitivity to DMMP versus resistance change. One can note that an enormous resistance change is not produced in any of this previous research; these small-realized signal changes may make applicability difficult. A variety of voltage levels were also found throughout the literature to "drive" such CNT sensors of DMMP. These range from 50 mV (27) , 0.1 V (28) to 3 V (29). Such voltage levels should be taken into consideration when reflecting on the proposed application of such a sensor towards low-power applications. It is hoped that the use of conductive nanotube fibers and composites in this study will reduce the overall power needs when compared to previous studies, while increasing the fidelity of signal change.
Observing relevant research in the literature, one can note a number of experimental approaches. The experimental setup as illustrated by Choi et al. represents what is probably the most optimal (30) (see figure 5 ) and should be given consideration for future work. However, given the limited amount of time and resources available for our study, a less complex test setup will be used. Instead, we will use an approach similar to a simple one found in the literature (31)-a glass vessel with a Teflon-taped plastic lid, combined with the appropriate outlets for vacuum, wiring, and syringe (to introduce the DMMP). Given the restrictions of the multimeter, only one sample/sensor will be tested at a given time.
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1.0E+00 Novak et al. used a permeation tube and mass flow controllers to deliver calibrated doses of DMMP (29) . They also improved the sensitivity of their sensor by applying a 100 nm coating of an acidic strong hydrogen-bonding polycarbosilane, which acted as a chemical-selective polymer. In follow-on research, Snow and Novak improved the sensitivity further by changing to a capacitive rather than resistive response and achieved sensitivity in the ppb level (32) . They also observed that DMMP absorbs onto SWNT, and is a strong electron donor, causing a transfer of negative charge, which in turn changes transistor threshold voltage by -2 V (29). This work also showed that after an initial response of 10+ min, it took many hours for the sensor to fully recover as DMMP desorbs slowly from SWNT. An additional positive charge can be applied to offset the negative resulting from DMMP adsorption and speed up recovery of the device.
Wang et al. also took a composite-style approach, using hexafluoroisopropanol-substituted polythiophene (HFIP-PT) and poly(3-hexylthiphene) (P3HT)-SWNT spin-coated films as chemiresistors (28) . They chose the HFIP group to polythiophene because of its H-binding with phosphate esters. These esters are common in chemical warfare agents, including sarin gas and stimulants such as DMMP. They showed sensitivity as low as 0.6 ppm and responses as fast as 1-2 min.
Kyle produced network films of SWNT on substrates of polyethylene terephthalate (PET) (21) . This work is highly relevant from a composite standpoint to ours. They filter out interfering vapors such as hexane by using a 2-micron thick barrier film of chemical-selective polymer polyiobutylene (PIB) on the SWNT surface. Their experiment was at room temperature. A major advantage of their work is a large resistance swing of 75-100%, albeit at a response time measured in the 10's of minutes. Also, one should note that their experiments were conducted solely in the presence of DMMP, with no other gas present.
Our approach of testing both our conductive DWNT fibers and conductive SWNT-polymer composites offers a potentially successful path to a DMMP sensor. Modification of both with either a polymer layer and/or functionalization also has the promise to improve selectivity and sensitivity.
Initial Experiments -Composite DMMP Sensor
Early stage experiments were carried out using a sealed 2-L glass vessel, with air at ambient conditions. Small droplets of DMMP were placed at the bottom of the vessel to simulate various ppm conditions. The composites were placed on a four-point probe (Cascade C4S), sealed in the glass vessel, and instrumented with a multimeter (Agilent 34410A). The vessel was then placed on a hot plate to evaporate the analyte. Temperatures near the sample and the hot plate were monitored using thermocouples.
High weight percentage composites of both SWNT (HiPco, Rice University) and MWNT (Mitsui) in medium density polyethylene (MDPE) were tested. The SWNT nanotubes were purified via a simple 1-pot method (33) . The MWNT were received in a highly pure state. The composites were prepared via a modified version of a simple solvent blend technique (34) . These modifications will be discussed in a future publication. Percent loadings of 90% SWNT were used for these tests, as they produce the lowest electrical resistivity, better than 1E-03 Ωcm.
Data from these initial experiments hold great promise. Figure 6 shows the results of 1000 ppm DMMP exposure on the MWNT composites. Upon introduction of DMMP vapor into the air inside the vessel, the composites show an increase in resistivity of almost 30% within minutes, and a recovery response within 5-15 min. It should be noted that the atmosphere inside the vessel is static; an optimal testing regime would include active mixing of the analyte and controlled flow, as seen in figure 5 . With that in consideration, these results here should be seen as conservative. The first of two possible sources of error were then considered for this experimental setupradiative heating. Tests were performed that showed negligible effect from radiative heating on either the MWNT or SWNT samples, shown as "no dmmp" for both data sets. A resistance change of 2% can be attributed to radiative heating for the MWNT samples and 1% for the SWNT samples.
The SWNT tests also showed interesting performance under the exposure to DMMP. One thousand ppm testing showed response times in minutes and a resistance change of up to 15% (figure 7). Repeatability under multiple cycles was not as impressive with the SWNT samples versus the MWNT. However, it is notable that the resistance of this composite behaves in a different manner to the MWNT equivalent. Testing showed that it decreased in resistivity upon exposure to DMMP, rather than an increase, as with MWNT composite. This distinction holds great promise, as both composites could be used as a reliable binary confirmation of the presence of DMMP. We are still researching why the two composites behave so differently. The mechanism of DMMP molecule binding to CNT is still not well understood. DMMP is a strong electron donor and this will be considered as research progresses. The SWNT composite showed a higher sensitivity to both convective heating and water vapor than the MWNT. Figure 8 shows this sensitivity. It should be noted that while opening the vessel and exposing the composites to fresh air contributed to signal recovery, the thermocouples showed that the heating effect on the samples and four-point probe was slower to abate. This leads us to believe that it is the presence of vapor that is causing the initial change in resistance, rather than any thermal effect. Further testing with additional solvents will be conducted to assess the proportion of signal change that can be attributed to either the water vapor or the convective heating. Surface area and porosity analysis through BET was performed on the SWNT composites. Composites exposed to boiling dichlorobenzene, to increase porosity and surface area, showed no large surface area change. The surface area of these composites remains at 100-200 m 2 g -1 and
showed no marked difference in DMMP sensitivity. Research on the pore size optimization of the composite is ongoing.
Additional experiments were performed on the SWNT composites to explore the lower bounds of DMMP sensitivity. Given the aforementioned simplicity and weaknesses of this initial experimental protocol, these data should be considered conservative. The 10 and 100 ppm tests in figure 9 show a positive change in resistivity. At these lower ppm, one can see that radiative and convective heating effects associated with this test, while ineffectual at 1000 ppm, are now dominant and mask the sensing of the DMMP, itself. Only at 500 ppm does the DMMP sensing become dominant. These effects will have to be considered during future research and design of a more mature test apparatus. In conclusion, the use of high weight percentage CNT MDPE composites has suitability towards the sensing of nerve agent simulants such as DMMP. This early stage work has created a possible binary composite approach to sensing, using two variants of CNT. Further testing of these composites will continue, in addition to testing of the solid CNT fibers. As this work progresses, optimization of the CNT towards sensing DMMP through functionalization is suggested, as is improvement to the experimental apparatus to add functionality, such as controlled and active flow, at a fixed temperature relevant to the application. 
